Numerous lines of evidence indicate that the initial photoresponse of the circadian clock in Drosophila melanogaster is the light-induced degradation of TIMELESS (TIM). This posttranslational mechanism is in sharp contrast to the well-characterized pacemakers in mammals and Neurospora, where light evokes rapid changes in the transcriptional profiles of 1 or more clock genes. The authors show that light has novel effects on D. melanogaster circadian pacemakers, acutely stimulating the expression of tim at cold but not warm temperatures. This photoinduction occurs in flies defective for the classic visual phototransduction pathway or the circadian-relevant photoreceptor CRYPTOCHROME (CRY). Coldspecific stimulation of tim RNA abundance is regulated at the transcriptional level, and although numerous lines of evidence indicate that period (per) and tim expression are activated by the same mechanism, light has no measurable acute effect on per mRNA abundance. Moreover, light-induced increases in the levels of tim RNA are abolished or greatly reduced in the absence of functional CLOCK (CLK) or CYCLE (CYC) but not PER or TIM. These findings add to a growing number of examples where molecular and behavioral photoresponses in Drosophila are differentially influenced by "positive" (e.g., CLK and CYC) and "negative" (e.g., PER and TIM) core clock elements. The acute effects of light on tim expression are temporally gated, essentially restricted to the daily rising phase in tim mRNA levels. Because the start of the daily upswing in tim expression begins several hours after dawn in long photoperiods (day length), this gating mechanism likely ensures that sunrise does not prematurely stimulate tim expression during unseasonally cold spring/summer days. The results suggest that the photic stimulation of tim expression at low temperatures is part of a seasonal adaptive response that helps advance the phase of the clock on cold days, enabling flies to exhibit preferential daytime activity despite the (usually) earlier onset of dusk. Taken together with prior findings, the ability of temperature and photoperiod to adjust trajectories in the rising phases of 1 or more clock RNAs constitutes a major mechanism contributing to seasonal adaptation of clock function.
Circadian (24-h) pacemakers or clocks play a major role in regulating the daily timing of activity in animals (Hastings et al., 1991) . The natural light-dark cycle is likely the predominant entraining agent (zeitgeber) in nature, synchronizing circadian clocks to local time and evoking daily adjustments in the approximately 24-h endogenous periods of these oscillators such that they precisely match the 24-h solar day. Although circadian clocks are synchronized to local time, changes in photoperiod (day length) and ambient temperature can modulate the daily patterns of activity in animals. While some of these environmental influences are "direct" (termed masking effects; Mrosovsky 1999) , photoperiod and temperature also adjust the dynamics (phase and amplitude) of the clock, leading to changes in the daily distributions of clock-controlled rhythms. This feature of clocks enables them to play a role not only in tracking the passage of daily time but also in seasonal adaptation.
Several years ago, we used Drosophila melanogaster as a model system to understand the role of a clock in regulating the pattern of daily activity as a function of changes in temperature and day length (Majercak et al., 1999) . Under standard daily cycles of 12 h light followed by 12 h dark (12:12LD) at 25 °C, D. melanogaster exhibit a bimodal activity pattern with peaks centered on the lights-on ("morning" peak) and lights-off ("evening" peak) transitions (e.g., Hamblen-Coyle et al., 1992) . A large portion of the morning peak appears to be due to a visually based masking effect of light that directly stimulates activity ("startle" response) (Wheeler et al., 1993; Rieger et al., 2003) . The duration of the photoperiod and ambient temperature have strong effects on the timing of evening activity. Over a wide range of photoperiods, the evening peak occurs around the light-to-dark transition (Qiu and Hardin 1996; Majercak et al., 1999; Rieger et al., 2003; Shafer et al., 2004) . As a result, lengthening the photoperiod delays the evening activity relative to the prior sunrise. Although the evening activity is centered on the light-to-dark transition, ambient temperature adds another layer of regulation by modulating the proportion of evening activity that occurs during either daytime or nighttime hours. As temperature increases, the evening activity becomes progressively more nocturnal (Majercak et al., 1999) , an adaptive response that, for small insects, likely minimizes the risks of desiccation during the hot midday. This directional response is observed in many diurnal animals, displaying a greater proportion of their activity during the cooler nighttime hours on hot days and, conversely, the warmer daytime hours during cold days (Sweeney and Hastings, 1960) .
We showed that splicing of the terminal intron in the RNA product from the key clock gene termed period (per) is an important aspect of how the Drosophila circadian clock adapts to seasonal changes in temperature (Majercak et al., 1999) . At low temperatures, a greater proportion of the intron (termed dmpi8) is spliced. The enhanced removal of dmpi8 at low temperatures leads to an advance in the timing of the per mRNA and protein accumulation phases, contributing to the preferential daytime evening activity of flies during cold days. More recent findings show that short photoperiods enhance the splicing efficiency of dmpi8 (Collins et al., 2004; Majercak et al., 2004) . Thus, both low temperatures and short days increase the proportion of the spliced per RNA variant, acting in concert to advance the accumulation phase of PER and hence the timing of evening activity. This environmental synergism makes biological "sense" because at temperate latitudes, short days are normally associated with cooler temperatures. We view the cold-stimulated advance in the per RNA rhythm as an adaptive response to endow flies with the ability to exhibit daytime activity despite the early onset of dusk. Indeed, we and others proposed that the dual photoperiodic and temperature-regulated splicing of dmpi8 acts as a seasonal sensor that modulates the timing of activity (Majercak et al., 1999; Collins et al., 2004; Majercak et al., 2004) .
In addition to the temporal regulation of per mRNA levels, the daily accumulation of PER protein is strongly influenced by posttranslational regulation (reviewed in Edery, 1999; Harms et al., 2004) . A central feature of this regulation involves a second clock gene termed timeless (tim) (Sehgal et al., 1994) . Both per and tim mRNA levels undergo daily cycles that manifest similar phases and are coregulated by the same mechanism (reviewed in Hardin, 2004) . CLOCK (CLK) and CYCLE (CYC) are members of the basic helixloop-helix (bHLH)/PAS (PER-ARNT-SIM) superfamily of transcription factors that heterodimerize to activate per and tim expression by binding to E-box elements in the promoter regions of these genes. Transcription of per and tim begins in the early to midday, resulting in peak mRNA levels being reached in the early night. During the late day/early night, as the levels of PER and TIM increase, they interact, an event that stabilizes PER and somehow promotes the nuclear accumulation of both proteins. Once in the nucleus, PER (and less likely TIM) interacts with the CLK-CYC transcription factor, blocking its activity. In the absence of de novo synthesis, nuclear localized PER and TIM undergo progressive phosphorylation events, leading to the rapid degradation of hyperphosphorylated isoforms. Reductions in the nuclear levels of PER relieve autoinhibition of CLK-CYC activity, initiating another round of per/tim expression. A second loop that regulates the cycling of Clk expression presumably adds robustness to the oscillatory mechanism.
Numerous lines of evidence indicate that the lightinduced degradation of TIM is the primary clockspecific photoresponse in the entrainment of Drosophila clocks to daily light-dark cycles (Hunter-Ensor et al., 1996; Lee et al., 1996; Myers et al., 1996; Zeng et al., 1996; Suri et al., 1998; Yang et al., 1998) . The putative blue-light photoreceptor CRYPTOCHROME (CRY) is required for the light-induced degradation of TIM in most, if not all, cells (Stanewsky et al., 1998; Emery et al., 2000; Hall, 2000; Kaneko et al., 2000; Helfrich-Forster et al., 2001) .
In this report, we describe novel effects of light on tim expression that further demonstrate a strong interaction between photic and temperature signals by circadian pacemakers. In a mechanism that appears closely integrated with the dual photic and temperature regulation of dmpi8 splicing efficiency, we show that at cold but not warm temperatures, light acutely stimulates expression of tim in a temporally gated manner. As a result, on cold short days, the accumulation phases of tim and per transcripts are accelerated, working in concert to advance the phase of the clock. Notwithstanding the similar coregulation of per and tim transcription, light does not acutely modulate the levels of per mRNA, even though the photostimulation of tim expression at cold temperatures occurs at the transcriptional level. These results reveal seasonal adaptation in the molecular circuitries regulating clock gene expression.
METHODS

Fly Strains and Collections
The wild-type Canton-S (CS), per 01 , tim 0 , cyc 0 , Clk Jrk , cry b , and norpA flies used in this study were previously described (Konopka and Benzer, 1971; Allada et al., 1998; Rutila et al., 1998; Stanewsky et al., 1998) .
The tim-luciferase transgenic lines used in this study were previously described . All flies were reared at room temperature (22-25 °C) and maintained in vials containing standard agar-cornmeal-sugar-yeast-tegosept media. Vials containing ~100 young (2-to 6-day-old) adult flies were placed in controlled environmental chambers (Percival, Perry, IA) at the indicated temperature and exposed to at least three 24-h photoperiods of alternating LD cycles (where zeitgeber time 0 [ZT0] is defined as lights-on) and, in some cases, subsequently maintained in DD. Cool white fluorescent light (~2000 lux) was used during LD, and the temperature did not vary by more than 0.5 °C between the light and dark periods. At selected times during LD and DD, flies were collected by freezing.
RNase Protection Assay
For each time point, total RNA was extracted from 10 µL of fly heads using TriReagent (Sigma, St. Louis, MO) and following the manufacturer's recommended procedure. The levels of per, tim, and luciferase (luc) transcripts were determined by RNase protection assays (Hardin et al., 1990) . per and tim RNA levels were determined using the per 2/3 probe (Hardin et al., 1990 ) and a tim probe (Sidote et al., 1998) , respectively. To measure luc RNA levels in timluc transgenic flies , we used PCR to generate an antisense probe. PCR was performed with genomic DNA isolated from the heads of timp FL-LUC /TER1 flies as a template in the presence of the following primers:
(1) 5′AATAAGCTTGATTACCAGGGATTTCAGTCG-3′ (termed luc-p1; an engineered HindIII site is shown in bold and luciferase sequences are italicized) and (2) 5′-TCCGAGTGTAGTAAACATTCC-3′ (termed luc-p2). The 5′ primer (luc-p1) contains luciferase sequences between 772 and 792 nt, whereas the 3′ primer (luc-p2) contains luc sequences between 1044 and 1064 nt (numbering according to GeneBank acc. no. M15077). The PCR product was inserted into the pGEM-T Easy vector (Promega, Madison, WI). The resulting plasmid (pGEM/luc) was linearized with HindIII, and radiolabeled antisense RNA was produced in vitro using T7 RNA polymerase and [ 32 P]-UTP. Following RNase protection assay, this probe protects a 293-nt fragment of luc mRNA. As a control for RNA loading in each lane, a ribosomal protein probe (RP49) was included in each protection assay (Hardin et al., 1990) . Protected bands were quantified using a Phosphorimager from Molecular Dynamics/Amersham (Sunnyvale, CA).
RESULTS
Light Evokes Rapid Increases in the Levels of tim mRNA at Cold Temperatures
We previously showed that although robust rhythms in the abundance of per mRNA are observed at all temperatures during either LD or DD conditions, the tim mRNA rhythm quickly dampens to near trough amounts during DD at cold (i.e., 18 °C) but not warmer (i.e., 25 °C or 29 °C) temperatures (Majercak et al., 1999) (Fig. 3A) . This raised the possibility that during cold days, light stimulates tim expression.
To determine whether light has acute effects on tim expression, wild-type CS flies were kept at 18 °C and exposed to several days of 12:12LD followed by 2 days in complete darkness. Subsequently, flies were treated with light pulses at different times during the second day of DD when tim expression is constitutively low (Majercak et al., 1999) (Fig. 1 ). Light pulses evoked rapid increases in the abundance of tim mRNA ( Figs. 1 A and B) , whereas per transcript levels exhibited little or no changes (Fig. 1C ). After ~4 to 6 h of continuous light exposure, tim RNA reached maximal levels of about 2-to 4-fold greater than control nontreated samples, followed by a gradual return to baseline values after termination of the light treatment ( Fig. 1 and data not shown). As previously reported, light pulses did not lead to acute changes in the transcript levels of per or tim at standard warmer temperatures (e.g., 25 °C) (Lee et al., 1996; Schotland et al., 2000;  and data not shown).
Differential Effects of Clock Mutants on Light-Induced Increases in the Abundance of tim Transcripts
We sought to determine whether the photoinducibility of tim expression at cold temperatures is dependent on the clock proteins CLK, CYC, PER, and TIM previously shown to participate in interconnected transcriptional feedback loops required for daily cycles in per and tim mRNA levels (see the introduction). To this end, we used arrhythmic mutant flies that either abolish (per 01 , tim 0 , and cyc 0 ) (Konopka and Benzer 1971; Sehgal et al., 1994; Rutila et al., 1998) or at the very least severely impair (Clk Jrk ) (Allada et al., 1998 ) the known activities of these genes. We observed differential effects on tim photoinduction in the different mutants tested at 18 °C: (1) no or little increases in cyc 0 and Clk Jrk flies, (2) attenuated but significant increases in tim 0 flies, and (3) robust responses in per 0 flies ( Fig. 2 and data not shown). These results are similar to other light-sensitive rhythmically expressed core clock genes such as frequency (frq) in Neurospora (Crosthwaite et al., 1995; Crosthwaite et al., 1997; Cheng et al., 2002; Collett et al., 2002; Cheng et al., 2003; Lee et al., 2003) and mPer1/2 in mammals (Okamura et al., 1999; Shearman and Weaver, 1999; Vitaterna et al., 1999) , whose acute photoresponses are preferentially dependent on elements from the "positive" but not "negative" limbs operating within their respective clockworks (see Discussion). Similar to the situation at standard warmer temperatures, the overall levels of tim RNA are lower in the Clk Jrk and cyc 0 mutants compared to per 0 and tim 0 flies ( Fig. 2B and data not shown) (Allada et al., 1998; Rutila et al., 1998) , indicating a critical role for CLK-CYC-mediated transactivation of tim expression over a wide range of temperatures.
High-Amplitude Photic Induction of tim RNA in cry b and norpA Mutants
To determine whether the putative blue-light photoreceptor CRY has a role in the photostimulation of tim mRNA levels on cold days, we used cry b flies that, at best, have low levels of CRY activity (Stanewsky et al., 1998; Emery et al., 2000) . Light treatments at 18 °C increased the levels of tim RNA in cry b flies to greater amplitudes compared to wild-type controls ( Fig. 2A) . Thus, although we cannot rule out the possibility of residual CRY activity in cry b flies, it is likely that CRY is not a major player in the photoreception pathway leading to light-mediated increases in tim transcript levels at cold temperatures. This is in sharp contrast to a key role for CRY in the photosensitivity of TIM protein stability (Stanewsky et al., 1998) . Recent findings indicate that in concert with PER, CRY acts as a transcriptional repressor of CLK-CYC-mediated expression in peripheral pacemakers (Collins et al., 2006) . This could explain why we observe larger magnitude photoinduction of tim RNA levels in the cry b mutant ( Fig. 2A ; see Discussion).
To examine whether classic visual phototransduction pathways are involved in regulating the lightmediated stimulation of tim expression, we used the well-characterized no-receptor-potential-A (norpA) mutant termed norpA P24 , which inactivates phosphoinositol phospholipase Cβ (PI-PLCβ) and renders the compound eyes and ocelli unable to transduce photic signals (McKay et al., 1995; Pearn et al., 1996 ; but see Hardie et al., 2003) . Although the opsin-based ocular phototransduction pathway is not necessary for circadian rhythmicity or its entrainment to daily light-dark cycles, it contributes to several different aspects of circadian responses and sensitivity to photic treatments (Stanewsky et al., 1998; Kaneko et al., 2000; Helfrich-Forster et al., 2001; Mealey-Ferrara et al., 2003; Rieger et al., 2003; Malpel et al., 2004; Yoshii et al., 2004) . Light-induced increases in tim RNA levels were similar or greater in norpA mutants (Fig. 2) . This was also the case when using anatomically blind flies such as eyes absent (eya) (Bonini et al., 1993; Vosshall and Young 1995) (data not shown).
Day Length Regulates the Timing of tim Photosensitivity
To further examine the effects of the clock and light on tim expression at cold temperatures, we entrained flies to either short (6:18LD) or long (12:12LD) photoperiods ( Fig. 3 ). As might be expected, the overall rhythm in tim RNA abundance was advanced approximately 6 h (relative to lights-on) under 6:18LD compared to 12:12LD (Fig. 3A) . Likewise, the timing in the daily accumulation of PER and TIM proteins is also advanced under the shorter photoperiod (Majercak et al., 1999) . However, we noticed that in flies maintained under 12:12LD conditions, tim RNA levels are essentially flat for several hours after the lights-on transition. In contrast, the levels of tim RNA are rising during the early daytime hours in the short photoperiod, suggesting that in daily LD cycles, the duration of the photoperiod modulates the ability of light to acutely stimulate tim RNA levels following sunrise. This is further illustrated by overlaying the tim RNA accumulation phases of short-and long-dayentrained flies that were either collected during the last LD cycle (referred to as "lights-on") or did not experience lights-on but rather remained in the dark during the last LD cycle (i.e., first day of DD; referred to as "lights-off," Fig. 3B ). In 12:12LD-entrained flies, the levels of tim RNA remain relatively flat during the first 4 h into the day/subjective day whether the flies are exposed to light or not (Fig. 3B , filled and open circles). Under these entrainment conditions, light-exposed flies begin to exhibit higher levels of tim RNA after 4 h following lights-on (ZT4), coinciding with the start of the clock-driven tim RNA accumulation phase-revealed by the temporal pattern in flies that did not experience lights-on during the last LD cycle (Fig. 3B, compare filled and open circles). Otherwise stated, the acute photostimulation of tim expression appears restricted to times in the day when the endogenous clock drives the rising phase in tim RNA levels ( Fig. 3B ). Thus, it appears that under long photoperiods, tim expression is refractory to stimulation by light during the early morning hours. In contrast, under the short photoperiod, the start of the tim RNA accumulation phase occurs around lights-on (ZT0/CT0). To better establish the possibility of temporal gating in the photosensitivity of tim expression, flies were entrained to either 6:18LD or 12:12LD and exposed to brief light pulses at different times during the last dark phase of LD and the first subjective day of DD (Fig. 4) .
The results clearly indicate that in both photoperiods, acute increases in the abundance of tim transcripts by brief light stimulation are mainly or solely evoked during the accumulation phase of the tim RNA rhythm. For example, whereas light pulses at time 24 lead to substantial increases in the levels of tim RNA in flies entrained to 6:18LD ( Figs. 4 A and B) , such was not the case under the longer photoperiod (Fig. 4C) . These findings are very consistent with the more low and flat levels of tim RNA during the first 4 h after lights-on in 12:12LD compared to 6:18LD (Fig. 3B) . Thus, the photoperiod regulates the relative alignment between dawn and the start of the rising phase in tim expression, which in turn determines the timing of when light can begin to acutely stimulate tim mRNA levels during the day. We propose that on long days that are unseasonably cold, this photoperiodic gating mechanism ensures that tim expression is not prematurely induced by sunrise. It is likely that circadian gating in the magnitude of the photic response in tim expression was more difficult to observe in the experimental paradigm where flies were treated after 2 days in DD (Fig. 1 ) because under these conditions, the tim RNA rhythm quickly dampens, which might increase its "effective" photosensitivity (see Discussion).
Transcriptional Regulation of tim Photoresponses at Cold Temperatures
Under standard conditions of 25 °C, daily oscillations in the abundance of tim mRNA are largely regulated at the transcriptional level (So and Rosbash, 1997; Okada et al., 2001; Wang et al., 2001; Stanewsky et al., 2002) . The 5′ nontranscribed regions of per and tim each contain at least 1 cis-acting canonical E-box element (CACGTG) that is critical for high-level expression and likely acts as a direct binding site for the CLK-CYC transcription factor (Hao et al., 1997; Lee et al., 1999; Darlington et al., 2000; Lyons et al., 2000; Wang et al., 2001) . To determine whether transcriptional regulation contributes to light-induced increases in the abundance of tim mRNA at cold temperatures, we used a set of previously generated transgenic flies bearing tim 5′ regulatory sequences fused to a luc reporter gene .
We first analyzed luc RNA levels in timp FL-LUC flies, which harbor a transgene containing a 756-bp tim promoter fragment that begins upstream of the transcription start site followed by the first untranslated At 18 °C, the levels of luc RNA during LD exhibited robust cycles that dampened somewhat during the first day of DD ( Figs. 5 A and B) . These results are similar to those observed for endogenous tim mRNA except that the amplitude of the luc RNA rhythm during LD is approximately 50% that of native tim mRNA, and the relative decrease in amplitude from LD to DD is less for the luc RNA rhythm (Fig. 5B) .
To probe for acute photoresponses in the tim-luc transgene versions, we used the more sensitive experimental paradigm of exposing flies to light for several hours during the second day of DD (Fig. 6A ). Exposure to light evokes acute photostimulation of luc RNA levels (Figs. 6 A and C). Although the behavior of luc and endogenous tim transcripts was similar following nocturnal light exposure, we observed differences in the magnitude and circadian gating of this response (Fig. 6; compare panels B and C) . It is likely that the more sustained cycling of luc RNA levels in DD compared to the relatively flat and low expression of endogenous tim is enhancing time-ofday differences in the amplitudes of the lightinduced increases in the levels of luc compared to tim transcripts. Also, differences in the cycling patterns and inferred photosensitivities of luc compared to tim RNAs could result from variations in the stabilities of the different transcripts. Likewise, differences were observed in the photic responses of endogenous mouse Per1 transcripts and an mPer1-luc reporter that were suggested to be based on posttranscriptional events (Wilsbacher et al., 2002) . Another possibility is that other regions of the tim promoter not present in the timp FL-LUC transgene are required to mimic wildtype tim expression. Indeed, at 25 °C, whereas the phase in the bioluminescence rhythm from timp FL-LUC flies is early, flies transformed with a tim-luc construct containing a larger fragment of the tim 5′ nontranscribed region drive reporter gene expression that more faithfully reflects the temporal pattern of endogenous tim expression (Stanewsky et al., 2002) . Nonetheless, the results clearly show that at cold temperatures, transcriptional regulation makes a strong contribution to the photic-induced increases in the levels of tim mRNA. This is consistent with the observation that in LD cycles, tim mRNA levels are low and constant in the Clk Jrk and cyc 0 mutants (Fig. 2  and data not shown) .
Besides generating the timp FL-LUC flies, altered tim regulatory sequences and identified several closely spaced cis-acting DNA elements in addition to the canonical E-box that regulate the expression of tim in flies and/or Drosophila cultured cells. These include two 11-bp Tim E-box-like repeats (TER1 and TER2) and a 10-bp sequence conserved in the per promoter (PERR). They showed that in flies maintained at 25 °C, Luc activity is not affected by mutations in PERR. However, although cycles in Luc activity are observed in TER1 mutants, peak values are reduced to about 50%. In the TER1/TER2 double mutant, luciferase activity is even lower, approximately 20% to 30% of the wild-type control (timp FL-LUC ), and cycling is nearly abolished. Finally, the TER1/ PERR double mutant is only slightly different from the TER1 mutant, indicating that TER1 and TER2 play a major role in tim transcription.
We determined the behavior of luc RNA in LD cycles and in response to light pulses in the different tim-luc transgenic flies (Figs. 5 and 6) . We are wary of comparing our results with those previously reported at standard temperatures by because we measured luc RNA levels in head extracts using RNase protection assays, whereas they measured Luc protein activity in whole flies. Nonetheless, our results are fairly consistent with the prior work because TER1 and TER2 but not PERR are important to manifest high-level expression of tim (Fig. 5A) . The main exception is that compared to the TER1 mutant, the TER1/PERR double mutant showed more severe effects on overall levels (Fig. 5A) and cycling amplitudes (compare panels D and E).
Under a variety of conditions (e.g., altering duration of light pulse and time in the day when the light exposure was initiated), we routinely observed lightinduced increases in the levels of luc RNA in the PERR mutant but not in the TER1 mutant, either singly or in combination with another mutation (Fig. 6A and data  not shown) . Although the results suggest that TER1 and/or TER2 play key roles in the rapid light-mediated induction of tim expression at cold temperatures, it is possible that the attenuated photosensitivities are an indirect consequence of the overall inefficiency of these modified tim promoters (Fig. 5A) . Future work will be required to test for the possibility of 1 or more dedicated photoresponsive cis-acting elements in tim regulatory sequences. The fact that circadian cycling and light responses in tim expression are abolished in the Clk Jrk and cyc 0 mutants (Fig. 2 and data not shown) indicates that both phenomena are dependent on CLK-CYC-induced transactivation. Likewise, the light and clock regulation of frq expression in Neurospora are both dependent on the White Collar-1 (WC-1)/White Collar-2 (WC-2) complex (WCC) (Crosthwaite et al., 1997; Cheng et al., 2002; Collett et al., 2002; Lee et al., 2003; He and Liu, 2005) .
DISCUSSION
In prior work, we showed that the cold-stimulated splicing of the per dmpi8 intron advances the accumulation phase in the levels of per mRNA (Majercak et al., 1999) . Findings in this study expand on this model by suggesting an integrated circuit whereby light stimulates the daytime rise in the abundance of tim transcripts at cold temperatures. Thus, cold short days accelerate the daytime accumulation rates of both per and tim mRNA and protein levels, events that contribute to the earlier onset of evening activity in flies as temperatures drop (Majercak et al., 1999) . Together, the results indicate complex integration of photic and temperature signals by the Drosophila clock. We propose that the dual thermal and photic regulation of dmpi8 splicing and tim expression acts as seasonal sensors by fine-tuning the trajectories in the daytime rising phases of the per/tim RNA cycles, endowing flies with the ability to optimally align their physiological and behavioral rhythms to the prevailing environmental conditions.
Current Model for How the Drosophila Clock Responds to Seasonally Cold Days
The timing of the clock-controlled evening activity in Drosophila is regulated by the length of the photoperiod and temperature. Although decreasing the photoperiod tends to increase the proportion of evening activity occurring during the nighttime (Tomioka et al., 1997; Majercak et al., 1999; Rieger et al., 2003; Shafer et al., 2004) , temperature appears to be the main environmental cue determining whether the evening activity will be mostly diurnal or nocturnal (Tomioka et al., 1998; Majercak et al., 1999; Yoshii et al., 2002) . At cold temperatures, the enhanced splicing of the per dmpi8 intron and the photostimulation of tim expression adjust the daily upswing in the per/tim RNA and protein accumulation phases such that they rise faster. Earlier increases in PER/TIM protein levels likely underlie the preferential manifestation of daytime evening activity in Drosophila during cold days (Majercak et al., 1999) . We view the rapid induction of tim expression at dawn and the enhanced splicing of dmpi8 as coldspecific responses that alter the dynamics of the clock in "anticipation" of a short photoperiod, which is characteristic of spring/winter seasons in temperate regions. Although highly speculative, this scenario would imply that it is the de novo synthesized PER/TIM in the cytoplasm that is most intimately involved in regulating the timing of evening activity.
The photostimulation of tim expression on cold days is gated by the clock such that it is mainly restricted to the accumulation phase of the tim mRNA abundance rhythm ( Figs. 3B and 4) . Because photoperiod modulates the dynamics of the clock, changes in day length will affect the relative alignment between the start of the rise in tim mRNA levels and the timing of dawn. On long days, tim mRNA levels begin to increase several hours after sunrise (Fig. 3) . Hence, the circadian gating of tim photostimulation would ensure that on long days that are unseasonably cold, the dawn-associated sunlight does not prematurely advance the accumulation phase of tim RNA abundance. A similar integration of appropriate photic (short days) and temperature (cold) signals is also observed for maximal splicing efficiency of dmpi8 (Majercak et al., 1999; Collins et al., 2004; Majercak et al., 2004) .
A critical role for the daily rhythms in per and tim mRNA levels has been questioned because functional clocks can be designed with constant expression of per and tim (e.g., Yang and Sehgal, 2001) . It was proposed that the strong posttranslational regulatory mechanisms that enable PER and TIM levels to cycle in the absence of oscillating per and tim RNA levels are sufficient to drive molecular and behavioral rhythms. While cyclical per and tim expression is not necessary for the manifestation of circadian rhythms, these clocks are defective with low amplitudes and long periods. In addition, it is now clear that rhythms in the RNA levels of key clock genes play an important role in generating optimal phase alignments in natural conditions. Indeed, even though light stimulates the rapid degradation of TIM and TIM regulates the stability of PER, alterations in the rising phases of the per/tim RNA cycles can alter the kinetics of the PER/TIM accumulation phases, key events in the progression of the clock (e.g., Majercak et al., 1999) . As such, the timing of PER and TIM activities is not solely dictated by a fixed amount of time following sunrise or sunset (e.g., "hourglass" timing mechanism) but is subject to seasonal adjustments.
Transcriptional Regulation of tim mRNA Levels by Light
The abundance of tim mRNA levels at cold temperatures is strongly controlled by light with some contribution from circadian regulation since low-amplitude cycling occurs for several days in constant dark conditions ( Fig. 3A) (Majercak et al., 1999) . Based on the analysis of a previously generated set of tim-luc transgenic flies , we conclude that transcriptional regulation likely makes significant contributions to high-amplitude cycling of tim mRNA levels during light-dark cycles and its rapid photoinduction at cold temperatures (Figs. 5 and 6 and data not shown).
How might light evoke rapid increases in tim mRNA levels? Prior work has shown that light can induce the rapid accumulation of tim and per transcripts in transgenic flies bearing a variant form of PER that appears to be defective in autoinhibition (Schotland et al., 2000) . It was suggested that in these mutant flies, TIM can still enter the nucleus, where it is sufficient to mediate down-regulation of CLK-CYCmediated transactivation. Under these conditions, the rapid degradation of TIM by light would quickly relieve autoinhibition of per/tim expression. However, in the normal context, although the light-mediated degradation of TIM enhances the instability of PER by promoting its hyperphosphorylation, the decline in the abundance of nuclear PER is a relatively slower process compared to that of TIM (Lee et al., 1996; Zeng et al., 1996; Rothenfluh et al., 2000; Kloss et al., 2001; Weber and Kay, 2003) . As a result, hyperphosphorylated PER, which is very effective at transcriptional repression (Nawathean and Rosbash, 2004) , remains in the nucleus for several hours after TIM disappears, presumably explaining why light does not evoke rapid changes in per/tim mRNA levels. It is possible that at cold temperatures, light-mediated changes in TIM metabolism somehow evoke rapid reductions in the ability of PER to function as a transcriptional inhibitor. This could explain why photoinducibility of tim expression is attenuated in the tim 0 mutant (i.e., in the absence of TIM, PER can still engage in transcriptional repression but not in a photosensitive manner).
Relevant to this discussion are recent results indicating that in addition to its role in photic entrainment, CRY functions as a repressor of CLK-CYC-mediated transcription in peripheral clocks, similar to its role in mammalian circadian pacemakers (Collins et al., 2006) . It was also suggested that whereas PER and CRY are both needed to effectively repress per expression, either PER or CRY can reduce tim expression, especially within the context of a weak promoter setting. Perhaps such is the scenario at cold temperatures, where overall tim expression is reduced (i.e., possibly reflecting low transcriptional efficiency) (Majercak et al., 1999) . This might explain why tim photoinduction is relatively greater in per 0 and cry b mutants compared to wild-type controls (Fig. 2) ; that is, by themselves, PER or CRY have reduced inhibitory potential that can be further abrogated by photic signals. While in the case of per 0 flies, the enhanced photoinduction of tim expression can be easily explained as a result of the light-induced degradation of CRY (Lin et al., 2001) , how PER protein levels/activity might be modulated by light in the cry b mutant is not clear. In any event, mechanisms based solely on photic regulation of autoinhibitory components (e.g., PER, CRY) do not easily explain why tim and not per is rapidly induced by light ( Figs. 1 A and B) .
A possible explanation for the differential acute effects of light on per and tim expression is that there is a light-inducible element in the tim promoter that is functionally relevant at cold temperatures. There are several examples where gene expression is regulated by combinations of acute effects of light, duration of photoperiod, and circadian pathways, and in some cases, distinct cis-acting elements that mediate light and clock regulation have been identified (Arpaia et al., 1995; Sumova et al., 1995; Bell-Pedersen et al., 1996; Foulkes et al., 1996; Millar and Kay, 1996; Morgan et al., 1998; Messager et al., 1999) . Our analysis of a series of tim-luc fusions was difficult to interpret because all the transgenes that showed attenuated photosensitivity also had markedly reduced expression levels (Figs. 5 and 6).
However, even if there is a cold-dependent, lightinducible element(s) driving tim photoinduction, it is not clear why the tim RNA rhythm strongly dampens in constant dark conditions when robust cycling of per transcript abundance is maintained (Figs. 1 and 3 ) (Majercak et al., 1999) . This "dark" phenotype is curious because similar to standard warmer conditions, at low temperatures, daytime increases in the levels of tim and per transcripts are highly dependent on CLK/CYC (Fig. 2) . For unknown reasons, at cold temperatures, the tim RNA cycle is behaving like a rapidly dampening oscillator. This is in stark contrast to the behavior of tim expression at higher temperatures. As the temperature rises, peak levels in tim mRNA increase, and highamplitude rhythms that are sustained in constant dark conditions are observed (Majercak et al., 1999) . Indeed, the ability of cold temperatures to lower the amplitude of the clock-controlled cycle in tim expression might be part of the molecular logic enabling its acute photic induction. Mathematical modeling posits that lowamplitude rhythms are more sensitive to perturbation by environmental cues (e.g., Pittendrigh et al., 1991) . Clearly, although tim expression on cold and warm days is clock regulated via a mechanism that involves CLK-CYC-mediated transactivation, there is a temperaturedependent switch in the mechanism governing this molecular rhythm. Future work will be required to explain why, at cold temperatures, light has acute effects on tim but not per expression and why, in daily LD cycles, the photostimulation of tim mRNA levels is mainly restricted to the rising phase of this molecular rhythm. Identification of a putative light-responsive element would also facilitate studies to understand the contributions of the acute photostimulation of tim expression on the seasonal adaptation of behavioral rhythms.
It is interesting to note that the waveform of tim mRNA levels on cold days as a function of photoperiod is somewhat reminiscent of that observed for the genes encoding chlorophyll a/b-binding proteins (CAB genes) (Millar and Kay, 1996) . Light acutely induces CAB expression, but the accumulation phase begins prior to dawn in short photoperiods, and the apparent amplitude of the induction varies as a function of the duration of the day length. As mentioned above, a simple framework that might explain the relationship between photoperiodic responses and acute effects of light on gene expression is that changes in the duration of the photoperiod differentially entrain the circadian clock, and the clock modulates acute responses to light (Millar and Kay, 1996) . Circadian gating in the magnitude of light-induced increases in clock gene expression has also been shown for other clock genes such as frq in Neurospora (Heintzen et al., 2001) . The fact that Drosophila also has a bona fide clock gene that is rapidly induced by light indicates that similarities and differences between dipartite clock mechanisms (Dunlap, 1999) might be conditional. It also suggests that the core circuitry underlying circadian timekeeping devices can accommodate dramatic changes in design principles in response to changes in external conditions.
Although not the focus of this study, we show very robust photoinduction of tim expression in norpA and cry b mutants (Fig. 2) . It is possible that NORPA and CRY have redundant functions within the context of tim photoinduction at cold temperatures and that a double mutant (norpA;cry b ) would not exhibit light-induced increases in the levels of tim RNA. Alternatively, the ability of light to evoke acute effects on the levels of tim RNA at low temperatures might involve a non-NORPA/non-CRY-dependent pathway(s) previously suggested to play a role in circadian photoresponses (e.g., Helfrich-Forster et al., 2001; Mealey-Ferrara et al., 2003; Rieger et al., 2003) .
Differential Effects of "Negative" and "Positive" Factors on Molecular and Behavioral Photic Responses?
An intriguing aspect of our results is that they seem to follow a broader pattern of differential effects on photic responses by clock components that are mainly depicted as functioning in the negative versus positive limbs of the transcriptional-translational feedback loops that underlie many eukaryotic circadian clocks. This is clearly observed at the behavioral level in Drosophila, whereby arrhythmic mutants can be placed into 2 groups: negative (i.e., per and tim) and positive (i.e., Clk and cyc) factors with regards to a variety of light-dependent responses, such as (1) startle or masking responses (Allada et al., 1998; Rutila et al., 1998) , (2) light-associated temperature preference (Yoshii et al., 2002) , and (3) and larval photophobic behavior (Mazzoni et al., 2005) . Although the mechanism underlying the differential effects of CLK/CYC and PER/TIM on photic responses is not known, prior work has shown that gene expression of direct and indirect targets is differentially regulated by inactivating the negative and positive elements in Drosophila (e.g., Glossop et al., 1999; Claridge-Chang et al., 2001; Lin et al., 2002) . Mutations in Clk/cyc compared to per/tim clamp the clock at 2 different molecular states, most likely explaining why they have essentially opposite effects on the basal RNA levels of rhythmically expressed genes. Such a difference in 1 or more key factors functioning in photic and/or temperature responses could underlie the differential light-mediated phenotypes observed in the 2 groups of mutants. Moreover, it is noteworthy that inactivating clock genes also leads to changes in the overall levels of many RNAs that are thought to be either constitutively expressed or light regulated (Park et al., 2000; Claridge-Chang et al., 2001; Lin et al., 2002; Ueda et al., 2002) . Differential effects of Clk/cyc compared to per/tim mutants on basal and/or lightregulated gene expression could account for the differences in behavioral photic responses in Drosophila.
In this context, it is noteworthy that light-mediated induction of frq in Neursopora and mPer1,2 in mammals exhibits a similar dependency to photostimulation of tim expression at cold temperatures, requiring factors that function in the positive but not negative limbs of the relevant clockworks (Crosthwaite et al., 1995; Okamura et al., 1999; Shearman and Weaver, 1999; Vitaterna et al., 1999; Cheng et al., 2002; Collett et al., 2002; Cheng et al., 2003; Lee et al., 2003) . In Neurospora, it is likely that all light responses are dependent on the WC-1/WC-2 complex, which also plays a key role in the clockworks by driving cyclical expression of the negatively acting frq gene. Moreover, the ability of light to "directly" inhibit or "mask" the activity of mice appears to be highly compromised in mutants, where the positive factors BMAL1/MOP3 (homolog of CYC in Drosophila) and CLOCK are impaired (Bunger et al., 2000; Redlin et al., 2005) . This might reflect more ancient roles for these positively acting transcription factors in mediating cellular photic responses (Crosthwaite et al., 1997) . In any event, although recent work has questioned the need for any transcriptional regulation in the design of circadian clocks (Nakajima et al., 2005) , it is likely that the ability of temperature and day length to modulate the cycling profiles of 1 or more key clock RNAs is a key feature underlying daily and seasonal adjustments in clock dynamics.
